Context. Cosmic ray particles that hit interstellar grains in dark molecular cores may induce whole-grain heating. The high temperature of a CR-heated grain allows energy barriers for bulk diffusion and reactions to be overcome. Additionally, ice molecules are destroyed by direct cosmic-ray induced dissociation. Aims. We provide a justified estimate of the significance of cosmic-ray induced surface-mantle diffusion, chemical reactions in ice, and dissociation of ice species in a star-forming interstellar cloud core. Methods. We considered a gas clump in a collapsing low-mass prestellar core and during the initial stages of protostellar envelope heating with a three-phase chemical kinetics model. The model includes a proper treatment of the stochastic aspect of whole-grain heating and new experimental data for dissociation. Results. We found that the cosmic-ray-induced effects are mostly limited to an increase in abundance for carbon-chain species. The effect on major species' abundances is a few percentage points at most. The HNC:HCN ice abundance ratio in ice is increased. Conclusions. Among the processes considered in the model, dissociation is probably the most significant, while diffusion and reactions on warm grains are less important. All three processes facilitate the synthesis of complex molecules, including organic species.
Introduction
Dark cores in interstellar molecular clouds are the densest and coldest regions of the interstellar medium. Many such cores are the birth sites of stars. In the dense conditions, most of the chemical elements, heavier than helium, are in the form of dust grains or "dirty ices", which are molecular species frozen onto the grains. Such ices are likely to be chemically processed by high-energy photons, binary reactions, and cosmic rays (CR).
The consequence of a cosmic-ray particle that hits an ice-covered interstellar grain is twofold: (1) a destruction of molecules along the ion's path in the grain and (2) heating of the grain. For the former, whole-grain heating can be considered to be much more important for 0.1µm grains than local heating (Leger et al. 1985) . Dissociation may serve as an additional source of chemical radicals in ice, while heating may allow all kinds of energy barriers at molecular level to be more easily overcome. The present study aims to provide a justified estimate about how and to what extent the two processes affect the chemical composition of ices in star-forming regions.
Considerable experimental evidence is available for process (1) -CR-induced dissociation. Experiments with fast ion irradiation of interstellar ice analogs date back to Pirronello et al. (1982) and Brown et al. (1982) . Recent estimates indicate that the halftime for icy molecule destruction by cosmic rays in interstellar conditions is several Myr (de Barros et al. 2011; Pilling et al. 2010a) , which is probably a few times longer than the lifetime of interstellar ices. A full physico-chemical model is required to investigate the reactions involving radicals produced by dissociation. Process (2), an elevated temperature for the dust grain, may arise only when a heavy cosmic-ray nuclei (e.g., iron) hits the grain. Such encounters may deliver enough energy to elevate the grain temperature by several tens of K (Leger et al. 1985) . Evaporation, induced by such whole-grain heating, has been studied before (e.g., Hasegawa & Herbst 1993) . The effects of enhanced surface diffusion on globally heated grains have been explored by Reboussin et al. (2014) . These authors employed a two-phase gas-grain model. Kalvāns (2014a) investigated the diffusion of species between the surface and the mantle through cavities in ice.
In the present study, a three-phase model that includes subsurface ice has been used. This provides additional value to the research because bulk reactions can be considered. In particular, cosmic-ray particles are not absorbed by overlying molecules, unlike UV photons. Thus, in the case of ice on interstellar grains, CRs are able to dissociate molecules at all depths. Three-phase models that explicitly consider photoprocessing of subsurface ice mantles are relatively recent (Kalvāns & Shmeld 2010) . Bulk ice chemistry is essential for models that aim to investigate organic molecules in prestellar or protostellar cores (Garrod 2013) .
The description of the physical and chemical model for a collapsing prestellar and warming protostellar core has been provided in Sects. 2.1 and 2.2. It was largely based on the model of Kalvāns (2014b, under review) . The approach to modeling whole-grain heating-induced chemical processes in interstellar ices is described in Sects. 2.3 and 2.4. CR-induced dissociation modeling is explained in Sect. 2.5. The results for each of the three processes under consideration -(1) whole-grain heatinginduced radial bulk diffusion, (2) whole-grain heating-induced A&A proofs: manuscript no. 2014AA reactions in ices, and (3) CR-induced dissociation of ice species -are reviewed in Sect. 3. Section 4 summarizes the final conclusions.
Methods
The model -'Alchemic-Venta' -used for this research is an upgraded 'ALCHEMIC' code (Semenov et al. 2010) . The upgrade was carried out by Kalvāns (2013 Kalvāns ( , 2014b . In general, the model simulates gas-grain chemistry in a star-forming interstellar cloud core. Special attention was paid to the approach to modeling the processes induced via whole-grain heating by heavy cosmic ray particles. Ices on such grains have been referred to as the 'warm' phase, in contrast of the 'cold' phase, which refers to ices at thermal equilibrium temperature. It was assumed that all ice species are continuously exchanged between the warm and cold phases. This treats the warm grains as a separate population and ensures that processes on warm grains do not compete with processes on cold grains. More details on this approach are provided in Sect. 2.3.
The physical model

Cloud conditions
Cosmic rays are a major source of energy in quiescent clouds. This is different for star-forming cores, where gravitational accretion, outflows, fast ions, and X-rays from the protostar affect the nearby nebula. Isolated low-mass non-starforming cores may be affected by energy input from the interstellar medium. Thus, it is likely that prestellar cores probably are among the objects best suited to investigating CR-induced effects. We considered a contracting prestellar core for the purposes of the present paper. The influence of CRs does not cease with the formation of the protostar. To provide a more detailed insight, a slow warm-up of the circumstellar nebula was modeled for a limited integration time.
The global parameters were chosen with the intent of representing a gas clump in a cloud core that undergoes (1) freefall gravitational collapse and (2) subsequent heating in the early protostellar envelope. Figure 1 shows the physical conditions of the core.
For gas density, the approach outlined by Garrod & Herbst (2006) was used. A spherical clump with a mass of 2M ⊙ and an initial density n H = 3 × 10 3 cm −3 collapses isothermally, and the density increases to 10 7 cm −3 over a period of 1Myr. The time-dependent gas density curve was calculated according to Brown et al. (1988) . During the second stage, after the supposed formation of the protostar, gas density was retained as constant.
We assumed that a screen of diffuse gas A ext = 1mag shields the core. The screen was not explicitly considered as part of the collapsing cloud. This means that the extinction in the core is more representative for massive star-formation regions, not isolated globules. The interstellar extinction A V was calculated selfconsistently according to Savage et al. (1977) :
The total hydrogen column density N H+2H 2 is the number of H atoms (in HI or H 2 ) in a cm 2 along the radius of a sphere of uniform density, the prestellar core. The N H+2H 2 was calculated self-consistently for each time integration step. We included the self-and mutual-shielding of H 2 , CO, and N 2 with the use of the tabulated shielding functions (Lee et al. 1996; Li et al. 2013 ).
The required abundances for calculating of column densities of these species were obtained with the chemical model.
We calculated the temperature T of the collapsing core in a time-dependent manner, in line with Garrod & Pauly (2011) . Dust and gas are in thermal equilibrium. In the protostellar stage, an increase in temperature up to 35K was allowed, according to the slow T2 warm-up profile of Garrod & Herbst (2006) . This means that 35K is reached in 3.88 × 10 5 years. This brings the total time of the simulation to 1.388Myr.
The effects of CR-induced warming become increasingly insignificant at higher ice temperatures. For a typical reaction barrier of 1200K, the temperature at which reactions on grains in thermal equilibrium become faster than those on CR-heated grains is around 33K. Additionally, evaporation becomes important and significantly changes ice composition even below this temperature. This further diminishes the CR-induced effects that accumulate over time. To facilitate understanding of the significance of the CR-induced processes, we chose 35K as the final temperature of the simulation run. This is unlike 200K (Garrod & Herbst 2006; Garrod et al. 2008) or 400K (Garrod 2013) , which was the chosen final temperature for models that study complex organic molecules (COM).
Data from Table 3 of Garrod & Herbst (2006) was used for initial abundances of chemical species in the model. This means that hydrogen is in molecules, while all other elements are in atomic form. The rate of hydrogen ionization by CRs was taken to be 1.3 × 10 −17 s −1 . The flux for CR-induced photons was taken to be 4875s −1 cm −2 (Roberts et al. 2007 ) and that of interstellar photons -1.7 × 10 8 s −1 cm −2 (Tielens 2005) . The last two values were used solely for calculating desorption rates (Sect. 2.2.1).
Grain and ice description
The model considers grains with a radius of a = 10 −5 cm and an additional ice thickness b. Here, b = B × b ML , where B is the ice thickness in monolayers, and b ML = 3.7 × 10 −8 cm is the thickness of a single monolayer (ML). It was assumed that each (rough) grain has N s = 1.5 × 10 6 adsorption sites on the surface. The number density of the grains is n d ≈ 1.3 × 10 −12 n H cm −3 , adopted from the ALCHEMIC model. The maximum ice thickness attained in the model was 173ML at the end of the core contraction epoch. This does not change for the several simulation runs considered in this paper and is very similar to the result obtained by Kalvāns (2014b) .
We employed a three-phase (gas, surface, and ice mantle) chemical model, as proposed by Kalvāns & Shmeld (2010) , although the ice chemical description is more like that of Garrod (2013) . The subsurface ice layer is formed with surface molecules being continuously transferred to the mantle. The rate coefficient for species' transition from the surface to the mantle was assumed to be equal to t −1 comp , where t comp = 2 × 10 12 × B 2 S s. The transfer is halted if surface thickness is lower than 2ML, i.e., if there are fewer than a total of 3 × 10 6 species per grain in the surface phase. This approach approximately mimics the total accretion rate of atoms and molecules onto the grain surfaces. It has been derived from studies of compaction of porous ices under the influence of energetic processes (Palumbo 2006; Kalvāns & Shmeld 2013) .
The compaction process is intended to describe the ice structure in a time-dependent manner, particularly during the growth of the ice layer on the grains. The slow accretion of free atoms during the early low-density stages of core collapse produces a compact ice with a thin surface layer. Oba et al. (2009) demonstrated the formation of a compact structure for ices that form J. Kalvāns: Cosmic-ray-induced dissociation and reactions in warm interstellar ices in chemical reactions. When the gas density approaches maximum, the rapid freeze-out of CO and other molecules produces a temporary porous ice, i.e., one with a large surface area. The porosity of ices formed by a fast accretion of inert species has been confirmed by experiments and the rigorous Monte-Carlo modeling method (Chang & Herbst 2012) . The experiments (Gerakines et al. 1996; Palumbo 2006; Accolla et al. 2011) have also shown that compaction occurs when ice is exposed to UV photon or ion irradiation, or to exothermic reactions. Kalvāns & Shmeld (2013) assume that these processes are the likely cause of the reduction of surface layer thickness after the accretion peak
In the model, ice compaction is enabled as long as the grains experience net accretion. Molecule exchange between the surface and the mantle layers after this period only occurs via ordinary diffusion. This approach means that species with lower binding energy in the mantle E b,M reach the surface at a faster rate, according to the thermal diffusion-evaporation experiment and model by Fayolle et al. (2011) (Sect. 2.2.2). Higher order effects, such as the entrapment of volatile species in ice pores and their release during water ice crystallization, were not considered here. This is mostly because a model with a single subsurface layer is poorly suited to detailed modeling of such ice structure-related phenomena.
Chemical model
The rates of physical transitions and chemical reactions are calculated with the rate equation method. The general first-order rate equation for an unidirectional process i −→ j is
where dn j, f /dt is the abundance change (cm −3 s −1 ) of product species j in final phase f. k 1 is the first-order rate coefficient (s −1 ), and n i, f 0 is the abundance of reactant i in initial phase f 0 (cm −3 ). The phases f and f 0 are either gas g, outer-surface S, or mantle M. First-order processes include photon-and CR-induced dissociation, and physical phase change processes.
The rate (cm −3 s −1 ) for a second-order chemical processes (binary reactions) is calculated according to
where l and j are reactants, i is a product molecule, and k l j, f (cm 3 s −1 ) is the second-order rate coefficient.
Gas and gas-grain interactions
The chemical reaction network was taken straight from AL-CHEMIC as the OSU_2008_03 gas-grain database 1 . It consists of binary reactions, direct ionization of species by cosmic rays, ionization by cosmic-ray induced photons (grain albedo taken to be 0.5), and ionization by interstellar UV photons. The CRinduced dissociation of ice molecules was included as described in Sect. 2.5. The rate coefficients of gas-phase reactions ( f 0 = g, f = g) were calculated exactly as explained in Sect. 2.2. of Semenov et al. (2010) . Electron sticking to the neutral grains and the neutralization of atomic ions upon collision with a grain were retained, as described in Sect. 2.3. of Semenov et al. (2010) .
It was assumed that reactants that reside in different physical phases (gas, surface, or mantle) never meet. Instead, they may change their phase by several mechanisms. Accretion of gaseous species on grains ( f 0 = g, f = S ) with a sticking coefficient of 0.33 for H and H 2 , and unity for all other species (Brown & Charnley 1990 ) was considered. The radius of grains a + b was calculated self-consistently in this case, as well as for other processes, i.e., photon-induced desorption and hit rate of CRs. This means that grain size is a time-dependent function with changing parameter b and fixed parameter a. Thus, grain growth, arising from the accumulation of ice, was considered in the model, although it is known that it does not significantly influence surface chemistry (Acharyya et al. 2011; Taquet et al. 2012) . Evaporation (Hasegawa et al. 1992 ) was included for both cold and warm grains at their respective temperature. No accretion or any kind of molecule dissociation was permitted for the warm grains.
Several desorption ( f 0 = S , f = g) mechanisms were considered for the surface layer. Interstellar and CR-photoninduced desorption was included with yields of 0.003 and 0.002 molecules per photon, respectively. These values have been derived from recent experimental data (Öberg et al. 2009a,b; Bertin et al. 2013; Fayolle et al. 2013) . Equal yields for all chemical species were used, which take the codesorption effect into account (Öberg et al. 2009b; Bertin et al. 2013) . See Kalvāns (2014b) for a more detailed discussion on photodesorption in the model.
A reaction-and molecule specific reactive desorption was considered, based on the Rice-Ramsperger-Kessel (RRK) theory. This mechanism was studied by (Garrod et al. 2007 ) in a general manner, with an uniform efficiency for all species. A similar approach was used in the ALCHEMIC code. In the present study, the heat E reac is calculated explicitly for each exothermic reaction with the use of standard enthalpies for products and reactants. The fraction of reactions resulting in product A&A proofs: manuscript no. 2014AA desorption is
where α RRK is a parameter with values 0, 0.01, 0.03, and 0.10 (Garrod et al. 2007 ). The probability P RRK for an energy value greater than the desorption energy E D to be present in the molecule-surface bond is
where s = 2 for two-atom species and s = 3N − 5 for other molecules, N the number of atoms in the most complex product molecule, and E D here is the sum of desorption energies for products of the particular reaction. The assumed value for α RRK is 0.03, in line with Garrod et al. (2007) . Finally, indirect reactive desorption was considered. It manifests itself through desorption by the exothermic H+H reactions, which are very common on grains (van de Hulst 1948; Willacy et al. 1994) . In a separate study (Kalvāns 2014b) , it was found that this mechanism probably fits the requirements for shaping the proportions of major ice components -water and carbon oxides. A threshold adsorption energy E th (Roberts et al. 2007) has to be chosen, so that species with higher E D are not desorbed efficiently, and E D,CO 2 < E th < E D,H 2 O . The desorption efficiency f H 2 fd for CO and CO 2 very likely lies in the range 10 −6 − 10 −4 desorbed molecules per accreted H atom (Kalvāns 2014b) . In the present paper, we assumed that E th = 2600K and f H 2 fd = 4 × 10 −6 desorbed molecules per accreted H atom. These parameters were chosen to ensure agreement within a factor of two for the abundances of major ice components H 2 O, CO, and CO 2 observed toward background stars with different interstellar extinction values A V (Whittet et al. 2007; Kalvāns 2014b ).
Diffusion processes in ice
Diffusion is largely dependent on the binding energies of ice molecules. We assumed that, for the surface layer, molecule binding energy E b,S = 0.5E D (Garrod & Herbst 2006) . Similarly, for molecules in the mantle, binding energy was taken to be E b,M = 0.5E B , where E B = 3E D is the assumed absorption energy for species within ice lattice. Absorption energy has been taken significantly higher than E D with the argument that in ice lattice molecules are surrounded by other species and therefore much more strongly bound to the ice, when compared to molecules on the surface (see also Kalvāns 2014b ).
An argument for a high E B is that E b,M must be higher than E D . This means that evaporation occurs faster than the diffusion of molecules in bulk ice. This is a necessary condition for the ice to be described as a solid. If E b,M < E D , as assumed by Garrod (2013) , bulk diffusion (dependent on binding energy in the mantle) is faster than evaporation (dependent on the adsorption energy), which fits the properties of a liquid.
The surface E D of hydrogen atoms and molecules was modified depending on the surface coverage of H 2 molecules (X H 2 ), according to Garrod & Pauly (2011) . Adsorption energy for all other surface species is assumed to be independent of X H 2 for the following reasons. The surface thermal-hopping rate (≈ 10 3 s
for H 2 at 10K) is much lower than the rate of vibration for heavier molecules, ≈ 10 12 s −1 . (The same also holds true for diffusion via tunneling.) For a surface heavy molecule, which is partially attached to H 2 , the adjacent hydrogen molecule will very likely soon hop to a different adsorption site. No other species will be able to fill the empty adsorption site, now partially below the heavy molecule, before the latter approaches this site via vibration and binds itself strongly to the ice.
The rate of thermal hopping R hop (s −1 ) on the surface was calculated according to Hasegawa et al. (1992) , with the use of the respective E b,S for each species. Quantum tunneling for diffusion and reactions were not considered in the model, according to the discussion by Katz et al. (1999) . The hopping of molecules in bulk ice was calculated in a similar manner with the use of binding energy E b,M . The calculated hopping rates were used for obtaining reaction rate coefficients (Sects. 2.2.3 and 2.2.4).
The rate of reversible diffusion of molecules between the surface layer and the mantle layer ( f 0 = S , f = M; and f 0 = M, f = S ) was calculated as thermal hopping for a molecule in the source layer, until it reaches the target layer:
where B f 0 is the thickness in MLs of the source layer. The diffusion of a molecule between layers (surface and mantle) involves leaving one layer and making room in another. Considering this, the higher barrier E b,M was used for diffusion in both directions.
With the adoption of a cubic geometry for lattice cells, in Eq. (6) it was assumed that 6 × B f 0 hops have to be completed before a molecule leaves its current layer. These diffusion processes were considered, for both, cold grains in the equilibrium temperature, and warm, CR-heated grains. This is not to be confused with diffusion through pores in ice, which was studied by Kalvāns (2014a).
Surface binary reactions
Two changes have been made to the OSU_2008_03 surface reactions list. The energy barriers of the CO+O→CO 2 and O 2 +H→O 2 H surface reaction were taken to be 290K (Roser et al. 2001 ) and 600K (Du et al. 2012) , respectively. We calculated the rate coefficient for surface reactions according to Hasegawa et al. (1992) and adjusted by reactiondiffusion competition (Garrod & Pauly 2011) . Reactions on the discrete grains often occur between species that have been accreted from the gas phase. This may require an approach that takes into account the stochastic aspects of surface chemistry (Caselli et al. 1998 ). The modified-rate equations method was used, as implemented originally in the ALCHEMIC code (Semenov et al. 2010 ). This method has been shown to produce good agreement with the Monte-Carlo random-walk approach (Vasyunin et al. 2009 ).
The modified rate-equations approach was not applied for surface reactions on warm grains because no accretion was considered for this temporal phase. Additionally, it has been shown that rate equations produce a good fit to the Monte-Carlo results at temperatures of 50K or higher (Du & Parise 2011) .
Mantle binary reactions
When considering chemical reactions in the mantle, it is important to note that molecules in bulk ice are effectively immobile. The reason for this is that the mantle binding energy is higher than desorption energy (Sect. 2.2.2). Molecules that become mobile in the bulk ice tend to diffuse out to the surface and evaporate; i.e., they are not present in the ice for most of the time.
Among major ice constituents, CO is the most volatile molecule with E D = 1150K. The temperature range considered in the model spans from 6 to 35K. With E b,M = 1.5E D , CO may require more than 80 years to make a single thermal hop to an adjacent absorption site in the mantle at 35K (according to the formalism of Hasegawa et al. 1992) . This is 17 orders of magnitude more than the time required to overcome the 'reactant proximity' barrier of E prox = 0.3E D (see below) for a common barrierless reaction with H or other species.
Because the E b,M :E D and E prox :E D ratios are the same for all species, this argument works for all possible reactants. Thus, it can be assumed with a degree of confidence that bulk-ice species can be considered frozen and immobile, when calculating rate coefficients of binary reactions.
For reactions in bulk ice, we employed the same reaction set as for surface chemistry. Molecules in ice lattice cells vibrate with their characteristic frequency ν 0 , calculated for the absorption energy E B (see Hasegawa et al. 1992) . It is assumed that each molecule on average has N c = 10 neighbors that can be reached for chemical reactions. This number depends on the (irregular) cell geometry and size. It can be somewhat lower or higher with no significant consequences. To achieve a sufficient proximity for a reaction, a certain energy barrier, E prox = 0.1E B must be overcome. The barrier was assumed to arise from the adsorption force exerted by other neighbors when the molecule leans towards its would-be reaction partner. Barrier height has been derived from the lateral bonding strength for ice species, 0.1E D , as assumed by Chang & Herbst (2012) . The scanning rate (s −1 ) of the cell surface for a molecule is
and the rate coefficient (cm 3 s −1 ) for a binary reaction in ice mantle lattice cell is
Here, f act is the reaction probability, whose value was calculated according to Garrod & Pauly (2011) , Eq. (6). The modified rateequations approach was not applied to mantle reactions. This method has been developed for surface chemistry, where accretion and desorption is possible. In the mantle, new molecules mostly arrive in dissociation events. The rate coefficients for binary reactions in cold and warm ices are calculated in a similar manner, with the only difference being the temperature.
Photodissociation of ice molecules
Dissociation by interstellar and CR-induced photons are firstorder processes (Eq. 2). We assumed the dissociation properties for gas-phase and ice species to be similar (Ruffle & Herbst 2001) . For subsurface mantle species, the incoming photon flux is attenuated by absorption in the above monolayers. Each ML has an absorption probability of P abs = 0.007 (Andersson & van Dishoeck 2008) . The attenuation factor was calculated self-consistently according to
where B S is the current number of monolayers in the surface and B M the number of MLs in the mantle. This means that, for subsurface species, the dissociation rate for the middle monolayer of the mantle was used.
Modeling cosmic-ray induced processes in ice
The studies of cosmic-ray effects on interstellar ices have been mostly limited to evaporation from grains heated by cosmic rays (Leger et al. 1985) . For whole-grain heating process, it was assumed that after a hit by iron CR nuclei (Fe-CR), the grain reaches a maximum temperature T cr = 70K at which it spends a fraction of time f (70K). Most of the evaporation occurs at T cr . This approximation was introduced by Hasegawa & Herbst (1993) and subsequently used in most papers that consider CRinduced whole-grain heating. These basic physical parameters were also retained for the present study. An accepted approach is to calculate the rate coefficient for CR-induced desorption with the equation
where k evap,70 is the evaporation rate coefficient at 70K, and
where a = 10 −5 cm is grain radius, b, cm is the thickness of ice layer on grains (Sect. 2.1.2), t cr ≈ 10 −5 s is the time spent at 70K after each hit, and F cr = 2.06 × 10 −3 cm −2 s −1 is the adopted Fe-CR flux (Roberts et al. 2007) .
The above approach is not well suited to the present study. In theory, reactions in warmed-up ice can be implemented with the simple time-averaged method outlined in Eqs. (10) and (11). However, a chemical reaction is a complex process that involves the diffusion of both partners, and their presence in neighboring adsorption sites on the surface (or absorption sites in bulk ice) for a long enough time to allow overcoming the reaction barrier. It is important to note that processes on cold grains in thermal equilibrium do not occur simultaneously and do not compete with processes on CR-heated grains. This aspect has not been considered in chemical models as yet. The details of the method used here are explained in the next section.
An important parameter is the temperature of the warm grains. The basic approach was employed here and used by Hasegawa & Herbst (1993) and other authors. This means that T cr = 70K and t cr = 10 −5 s. In reality, the temperature of the population of globally heated grains follows a distribution. This is defined, first, by the energy the dust grain receives from an incoming cosmic-ray particle and, second, by the subsequent cooling of the grain. Cooling is probably dominated by the evaporation of volatile species (Leger et al. 1985) , which means that the cooling rate depends on ice chemical composition. The resulting actual temperature distribution of grains affected by CRs is time dependent and can be quite complex to calculate. This calculation was not performed here. Instead, we focus on investigating the effects of CRs on interstellar ice chemistry with the use of known and tested assumptions, i.e., that a 0.1µm grain reaches 70K for 10 −5 s after a Fe-CR hit (Hasegawa & Herbst 1993) . The complex T distribution was recognized in the aims of this paper to provide an estimate of the significance of ice mixing and reactions, induced by whole-grain heating. It was not intended to reproduce observational results with this model.
The direct dissociation of ice species by CRs has been extensively studied in laboratories. Quantitative data for different types of fast ions (CR analogs) have been obtained on the dissociation cross-sections of many species that are common in interstellar ices. A general finding is that, on timescales relevant for interstellar ices, cosmic-ray induced dissociation affects a few per cent of ice molecules at most (e.g., de Barros et al. 2011) . The available data allows to implement CR-induced dissociation into a chemical model in a straightforward way (Sect. 2.5).
We considered CR-induced dissociation, mantle-surface diffusion in warmed-up grains, and overcoming of reaction activation barrier in three short, separate studies in the results section.
A&A proofs: manuscript no. 2014AA CR-induced desorption (Leger et al. 1985) and surface diffusion of ice species (Reboussin et al. 2014) are included, but their effects are not specifically analyzed.
Warm grain chemical modeling approach
To allow ice species to undergo processes on CR-heated grains with uniform temperature of 70K (Hasegawa & Herbst 1993) , according to Eq. (11), they are transferred to a separate 'warm phase', or species set, that has its own list of solid-phase reactions and phase transitions. This transfer occurs with a rate coefficient (s −1 ):
The transfer back from the warm to the cold phase has a rate coefficient
This approach ensures that the molecules on warm grains exist as a population, which is distinct from the majority of cold species. The approximate proportion of warm grains is equal to f (70K) ≈ 10 −16 . This is an approximate value because b in Eq. 12 is a time-dependent parameter. It is higher than the value used by Hasegawa & Herbst (1993) because of a higher assumed Fe-CR flux (Sect. 2.3).
The rate-equations method is useful only for statistically large and uniform samples. One has to evaluate whether such an approach in the present study complies with these requirements. With the parameters specified in Sect. 2.3, it can be estimated that in a cloud core with a mass of 0.1M ⊙ , there are approximately 10 28 warm grains at any given instant in time. This is certainly a sufficiently large number to assume that a continuous population of warm ice molecules exists even in the smallest prestellar cores. However, the population of warm ice molecules is located on multiple islands, the grains. This is a common problem for grain surface chemistry, as discussed in Sect. 2.2.3.
Cosmic-ray induced dissociation
When a cosmic-ray particle passes through the grain, it causes ionization, which probably is the major cause of molecule destruction (Iza et al. 2006) . A heated cylinder forms, and the heat is then dissipated across the grain (Leger et al. 1985 ). The latter effect produces whole-grain heating. Two components of the cosmic-ray flux were considered in the model. Iron nuclei effectively heat the grains and dissociate ice species. Lighter CR nuclei are able to dissociate ice species at a rate of approximately one third of that for Fe-CR (de Barros et al. 2011) and are assumed to be unable to significantly heat up the grains.
The first-order (Eq. 2) rate coefficient for the dissociation of molecule i by cosmic-ray particles is
where E is the kinetic energy of the projectile; Φ(E) = Φ Fe (E) + Φ li (E) is the flux density for ions between E and E +dE (MeV −1 , iron and lighter nuclei, respectively); and σ d,i (cm −2 ) is the dissociation cross section for the molecule being considered (de Barros et al. 2011 ).
Dissociation cross sections
The dissociation cross section is related to the electronic stopping power S e (de Barros et al. 2011) :
Here, S e can be calculated with the SRIM code (Ziegler et al. 1985) , while σ d,i is determined experimentally for a number of species, as shown in Table 1 . The parameter a is assumed to be independent of E over the whole energy range. For practical purposes, the cross section for Fe ions has been considered in detail. For species with experimental data available, σ d,Fe (E) was obtained as follows. The stopping power for iron ions over the range 10 −3 to 10 3 MeV was calculated with SRIM for pure solid species with an assumed density of 0.8g cm −3 . The value of a was obtained by Eq. (15) with σ d,k specified in Table 1 . Then, σ d,i (E) was calculated for 10 −3 to 10 3 MeV. When multiple results for experimental cross sections were available, values for ices with atomic composition close to interstellar ices and Fe impactor ions with energies close to 100MeV (where CR flux density is highest) were chosen. In equivalent cases, the higher σ d,i value was adopted.
To obtain comparable data for species with no experimentally determined dissociation cross sections, a similar procedure was applied. Fictitious cross sections were adopted for E = 275 MeV. For species containing up to two atoms of elements from the second row of the periodic table (C, N, O) the fictitious cross section σ d,Fe (275MeV) was assumed to be 10 −13 cm 2 . If a compound contains three or more of these atoms, the cross section was assumed to be 10 −12 cm 2 . In this regard, any third or higher period atoms (Na, Mg, Si, P, S, Cl, Fe) were treated as equal to two second-period atoms. This means that, for example C 2 H 5 and SiH have an assumed σ of 10 −13 cm 2 , while σ d = 10 −12 cm 2 for OCN and H 2 CS. These cross-section values were estimated from experimental data with 267MeV Fe 22+ ions (Table 1) . With such approximations, the 8 MeV energy difference (267 and 275 MeV) can be considered unimportant. The parameter a was then obtained by Eq.(15). An unity compound correction was applied for stopping power calculations for substances not in the SRIM database.
The real σ d values may vary significantly, especially for cases with no experimental data. However, because the aim was to investigate the importance of CR-induced chemical changes in ice, a conservative and limited, albeit imprecise, approach was considered more adequate than not considering these reactions at all.
Cosmic-ray flux
The cosmic-ray spectrum (cm −2 s −1 sr −1 (MeV/nucl) −1 ) can be described with
where C = 9.24 × 10 4 and E 0 = 300MeV (Webber & Yushak 1983; Shen et al. 2004 ). This equation was applied for the energy range of 10 −3 to 10 3 MeV. To obtain input data for Eq. (14), the adopted abundance of Fe nuclei in cosmic rays was taken to be 7.13 × 10 −4 relative to H nuclei (Meyer et al. 1998 ).
General considerations on CR-induced dissociation
The dissociation of ice molecules by CR particles, other than Fe nuclei, was considered in a much more general manner. It was Pilling et al. (2010b) assumed that these lighter nuclei deliver 25 % of the CR dissociative power (de Barros et al. 2011) . Consequently, the adopted molecule dissociation rate coefficient for lighter CR nuclei was
where k crd,Fe (s −1 ) is the rate coefficient for Fe-CR induced dissociation. This was calculated with Eq. (14).
Because cosmic rays consist of different nuclei that can have a range of energies, an extended set of dissociation products for each reaction was deemed desirable. Three hundred nine ice molecule dissociation reactions (i.e., reaction products) were obtained by combining (photo)dissociation reactions from the OSU and UDFA12 (McElroy et al. 2013) tions with more than one dissociation channel, statistical branching ratios were applied. Light cosmic rays are able to dissociate species in ice but cannot warm up the grain. This means that in a model with processes on warm grains fully considered, three quarters of all CRinduced dissociation products go to the warm phase, while one quarter remains in the thermal equilibrium (cold) phase. The former are supposed to arise from Fe-CR induced dissociation, and the latter from interactions with light cosmic rays. For a model with CR-induced dissociation and without warm-grain chemistry (Sect. 3.4), it was assumed that all dissociation products remain in the cold phase.
Results
The general results of the presented model, including major ice components and the chemistry of COMs, are broadly discussed in Kalvāns (2014b) . Several processes have been described in Sect. 2.3 that have not been considered in astrochemical models before. These are (1) CR-induced dissociation; (2) surfacemantle diffusion in ices, warmed-up by a Fe-CR hit; and (3) binary chemical reactions in warmed ices. The results of three simulations that consider these three processes are described in separate sections below. For reference, we used a 'base' model, which has whole-grain heating desorption as its only process directly induced by CR particles. The effects of cosmic rays accumulate over time and are most pronounced at the end of the simulation run. However, at the final integration time t=1.388Myr, several important species, such as N 2 , have significantly evaporated and ice composition does not correspond to interstellar conditions. The results are presented in tables for t=1.350Myr (T =29.6K), showing the calculated abundance relative to hydrogen and its ratio against the reference model.
Notes on the reference model results
Figures 2 and 3 show the relative abundances of major ice and gas-phase molecules. These remain basically unaffected in the various simulations. A discussion is presented here to provide an understanding of mechanisms that govern ice chemistry. I refer the reader to Kalvāns (2014b) for an investigation of the chemistry during the core contraction phase. The reaction rates in the ice mantle largely depend on the proximity barrier E prox = 0.3E D , which is specific for each molecule. Species with high adsorption energies react slowly. It turns out that NH 2 , HS and a few other species are the most important radicals in the subsurface ice, with abundances in excess of 10 −7 relative to hydrogen. NH 2 has the highest E D by far among all major radicals. Among other things, this may result in an efficient synthesis of some nitrogen compounds when the protostar heats up the grains and frozen radicals, such as NH 2 , become mobile. The reaction network employed here does not include a significant amount of COMs, and the late-stage NH 2 daughter species are mostly HCN and HNC, the latter being the major product. The abundance of HNC in ice is doubled during the last 40kyr (1.35-1.39Myr). HNC forms in the barrierless reaction NH 2 +C. Because of their reactivity and low E prox , carbon atoms usually have a very low abundance. They are continuously and intensively generated in ice via the photodissociation of CO. Other major photodissociation products do not form stable compounds with NH 2 .
This result indicates that cyanide and isocyanide are probably rapidly produced in the protostellar warm-up phase. Such a result is not obtained by Garrod (2013) , who uses lower E b,M for mantle species and a different approach to mantle reaction rate coefficients. The abundance changes in ice for these, and some other notable species are shown in Fig. 4 . We refer the reader to Graninger et al. (2014) for a recent and detailed investigation of the HCN/HNC chemistry. Figure 4 shows that the abundance of NH 2 itself is characterized by a series of spikes. Each spike is the result of a separate process. The initial NH 2 abundance is low, because the ice layer is thin and mostly confined to the (reactive) surface layer. The first peak around 0.8Myr occurs because NH 2 accumulates subsurface in what is mostly a H 2 O:NH 3 ice mixture. NH 2 is lost before 0.9Myr, when significant accretion of other species begins (e.g., CO). These species introduce many new radical species via photodissociation that consume NH 2 in mutual reactions. At 0.9Myr, T ≈ 13K and A V ≈ 4.7. These values mean that radicals still are relatively mobile and intensively generated in ice by interstellar photons.
The second peak in NH 2 abundance occurs with the massive freeze-out just before 1Myr. The freeze-out peaks at this point because of the rapid increase in density and darkening of the core. Grain temperature falls to 6K and A V goes into the hundreds. All ice species are practically immobile, and the radicals are only generated by the relatively low flux of CR-induced photons. These are conditions that facilitate a slow accumulation of frozen radicals in ice. The warm-up phase in cloud core evolution begins after 1Myr. When grain temperature nears 8K, atomic radicals become sufficiently mobile, and NH 2 is consumed again. When these lighter radicals are depleted, NH 2 starts to accumulate again at 1.1Myr. This third peak is made short by the increased mobility of molecular radicals, such as O 2 H, at 10K. They create reaction chains that consume NH 2 .
When these radicals have become depleted, ice abundance of NH 2 increases again. It is still generated by the CR-induced photodissociation of ammonia. The final, fourth peak lasts longer and ends, when NH 2 and other sticky and heavy radicals themselves become mobile enough to reach their reaction partners in ice lattice cells (speaking in terms of the assumptions of the model).
Other radical species can have one to four peaks, depending on their E D , energy barriers for important sink reactions, and generation from major ice components. Naturally, these curves strongly affect the abundance of minor stable species that are synthesized via these radicals. Figure 2 shows an example of evaporation (N 2 ) or chemical processing of 'stable' molecules (O 2 , H 2 O 2 ). The total loss of N 2 occurs at a temperature >30K, while the minimum evaporation temperature of N 2 (E D = 1000K) is closer to 20K (evaporation times on the order of 100yr). This is because the loss of a species from bulk ice depends on the ability of these species to diffuse to the surface. This in turn depends on the diffusion energy in the mantle E b,M , which is higher than the desorption energy E D .
The transformations of molecular oxygen in the ice mantle can be explained by the gradual increase in temperature. O 2 accumulates in large amounts in ice during the freeze-out stage, when T ≈ 6K. In the warm-up phase, when T ≈ 10K, atomic and molecular hydrogen becomes mobile, and O 2 is hydrogenated to H 2 O 2 . After the temperature exceeds ≈30K, further hydrogenation becomes possible with the H 2 O 2 +H reaction (barrier 1400K), and hydrogen peroxide is transformed to water. Aside from atomic species and H 2 , the main molecules that form in the gaseous phase are CO, N 2 , and C 2 . As the cloud contracts, surface chemistry becomes more and more important, and species that form on grain surfaces become abundant. These include mostly H 2 O, O 2 , and NH 3 . In the ≈0.4Myr long circumstellar warm-up phase, CO, N 2 , and CH 4 , arising from the evaporation of ices, again become highly abundant species. These results are in line with other models of early protostellar cores, e.g. Garrod & Herbst (2006) , Garrod (2013) , and Vasyunin & Herbst (2013a) .
CR-induced diffusion between the mantle and the surface
The mantle-surface diffusion rate coefficient depends on the molecular binding energy in ice, which is rather high, E b,M = 1.5E D . Even a short temperature increase to 70K can have an observable effect on the hundreds of kyr long timescale, because the mobility of molecules with E b,M < 1300K is increased significantly. The basic process is the supply of atomic radicals from the mantle to the surface, where they are able to react quickly. Thus, the overall rate of reactions is increased by moving the would-be reactants to a phase (the surface) where they can rapidly diffuse and find a suitable reaction partner. Table 2 shows that carbon-chain species can have their abundances increased up to a factor of 16, while only very few of the stable species have their abundances decreased. This is because carbon atoms, produced in CO photodissociation, diffuse to the surface where they can link up in larger molecules. Other radicals diffuse to the surface, too; however, their subsequent surface reactions either produce small molecules that are already abundant, or get involved in larger species with a carbon skeleton.
Unlike for ice, the CR-induced effects do not accumulate over time in the gas phase. Abundance changes are relatively small and can usually be observed only for a short period in time -when an ice molecule, affected by the CR-induced effect, undergoes intensive desorption. Because of this, the calculation results for gas-phase species are poorly suited to being shown graphically. To provide an impression of the significance of the CR-induced processes, the abundance changes for gasphase species at the end of the simulation run have been shown in results tables. At a temperature of 35K at 1.388Myr, the evaporation of ice species affects the gas phase more than at any time before.
The lower part of Table 2 shows gas-phase abundances (> 10 −12 ) and ratio against the reference model for the warm diffusion model at the end of the simulation run. Generally, the abundance of species is affected by evaporation of lighter species (e.g., H 2 CO, CH 4 ) and non-thermal desorption for species with higher adsorption energies (e.g., H 2 O, CH 3 NH 2 ). Species produced directly on the surface are most affected. For example, the atoms of molecular oxygen are more effectively converted into CO, CO 2 , H 2 O 2 , H 2 O, and other species on the surface, which means that the gas-phase abundance of O 2 becomes lower, although the abundance of O 2 in (subsurface) ice has grown.
Reactions in warmed-up ice
A higher grain temperature after Fe-CR hits allows overcoming energy barriers more efficiently for species diffusion, reactant proximity in ice, and activation for reactions. The first two effects makes all reactions more efficient, while the third specifically increases the efficiency of reactions with activation barriers.
The addition of reactions in warmed ices into the model gives basic results that are similar to the mantle-surface diffusion model (above section). Both of these mechanisms enhance reaction rates, resulting in more efficient synthesis pathways that mostly involve radicals. Most of the reactions result in the simple parent species -CO, CO 2 , H 2 O, N 2 , NH 3 . However, a growing proportion of C atoms accumulate into organic compounds, many of which contain heteroatoms.
A&A proofs: manuscript no. 2014AA Table 2 . Calculation results for the model with mantle-surface diffusion in ices, induced by whole-grain heating. Molecular abundances, relative to hydrogen, for selected ice and gas species, and the abundance ratio, relative to the reference model, are shown. Table 3 gives insight into the abundance changes of an assortment of ice and gas chemical species. The similarity of the results for the enhanced ice diffusion and reaction rates in warmed ice indicate that the complexity of ice species increases almost regardless of the exact mechanism, which is responsible for promoting reactivity. The chemical effects of whole-grain heating become significant only after ≈1Myr, i.e., when the ice layer is thick and extremely cold, which makes other reaction pathways inefficient.
The effect of cosmic-ray induced dissociation
Deviations from the reference model because of direct CRinduced dissociation become observable already with the initiation of the subsurface ice layer at t > 0.7Myr. Destruction of major species by CRs provides additional input of chemical radicals into the ice. This is unlike the mere redistribution the radicals generated by photodissociation, as for the whole-grain heating processes (Sects. 3.2 and 3.3). This results in a pile-up of heavy radical species (Table 4) . At 1.35Myr, this process has resulted in a 2% decrease in CO abundance, when compared to the reference model. This has released significant amounts of C and O atoms that have combined in more complex species. This includes a 2% increase in CO 2 abundance and an enhanced production of hydrogen-poor carbon chains, cyanopolyynes, and their associated radicals, HCN, HNC, HCCNH, H 2 CS, and complex organic molecules. Figure 5 shows ice abundance for a selection of these species during the last stages of cloud evolution.
The abundances of hydrogen cyanide and isocyanide in ice are significantly increased because of the additional atomic and diatomic radicals produced by CR-induced dissociation. HNC is the more favored isomer because it readily forms from the C, NH, and NH 2 that arise from the dissociation of major ice Table 4 . Calculation results for model with CR-induced dissociation of ice species. Molecular abundances, relative to hydrogen, for selected ice and gas species, and the abundance ratio, relative to the reference model, are shown. constituents CO and NH 3 . This does not affect the HNC:HCN gas-phase ratio at the temperature interval considered.
Regarding organic species, CR-induced dissociation produces (1) a notable increase in abundance for species containing carbon chains, and (2) a moderate increase in abundance for the oxygen-containing COMs. The first is associated with the enhanced production of C atoms from CO, while the second arises largely from the enhanced production of CH 3 radicals from methane. Because CO is much more abundant than CH 4 , carbon chain chemistry is especially favored by dissociation processes. The O atoms, released by CO dissociation, are mostly absorbed into CO 2 .
Thioaldehyde H 2 CS is a relatively abundant ice molecule, whose abundance is significantly increased by CR-induced dissociation and is still growing at the end of the simulation run. This is because both of its formation pathways -hydrogenation of CS and the reaction CH 3 +S -benefit from the increased radical abundances with the addition of CR-induced dissociation. The steep increase in H 2 CS abundance, beginning at t ≈ 1.25Myr and T ≈ 18K, is because the 1000K barrier for the H+CS reaction can now be overcome. The increase is even more rapid for the model with CR-induced dissociation because of the additional production of C and S atoms from CO and H 2 S, respectively. These atoms combine to form CS, which, in turn, is hydrogenated to H 2 CS.
The combined model
The complete model includes all three CR-induced processes considered in this paper: (1) CR-induced dissociation, (2) surface-mantle diffusion in ices affected by whole-grain heating, and (3) binary chemical reactions in such warmed-up ices. The complete model produces results mostly similar to those of the CR-induced dissociation model. Recall that, in the combined model, most of the CR-induced dissociation products are transferred to the warm phase (Sect. 2.5). This leads to the overall result that more radicals combine into smaller molecules, most importantly, CH 4 and CO 2 . The production of these species occurs via reactions with energy barriers involving a radical (C, CH 2 , O, and OH) and species with high abundance in ice (H 2 and CO).
Nitrogen and sulfur radicals do not have such barriered reactions with major ice constituents. A small assortment of specific N and S compounds have their abundances higher than those calculated with the CR-induced dissociation model. This is because of energy barriers in synthesis reactions that involve at least one abundant radical. Although CR-induced dissociation favors the 2.4E-12 0.229 1. formation of COMs (Table 4) , the abundances of these species are unchanged in the combined model, because any excess of the CH 3 radical, produced by CR-induced dissociation, is consumed in warmed-up ice by its barriered reaction with H 2 . CH 3 is an essential ingredient in the synthesis of almost all complex organic species. Table 5 shows the results of the combined model. A ratio of the combined model results against the reference model is provided. Dissociation is the main CR-induced process that influences ice composition. In the model, CR-induced dissociation has been reflected with a physically more precise methodology than warm-grain effects (see the introduction of Sect. 2.3). Because of this, the abundance ratio of the combined model versus CR-induced dissociation model is provided in Table 5 , too. Figure 6 shows the abundance in the combined and reference models for a few stable ice species that are most significantly affected by the introduction of all three CR-induced effects considered in the present study. The complete model has gas phase abundances very similar to those of the reference model. This means that the enhanced rate of diffusion and reactions on the outer surface of warm grains is largely counterbalanced by CR-induced dissociation.
Conclusions
Because of a complex grain temperature distribution, which is not explicitly considered here (Sect. 2.3), the investigation of diffusion and reactions on warm 70K grains is speculative and can only give insight into possible important processes. This is even more so because of the stochastic nature of Fe-CR hits to a grain, although the model presented here includes an attempt to tackle this issue. The promoted reactivity and molecule mobility on warm grains mostly result in enhanced production of carbon-chain compounds and other complex species. This agrees with the results of Reboussin et al. (2014) , who investigated the effect of molecule diffusion on grains, induced by whole-grain heating. CR-induced mantle-surface diffusion via pores in the ice also shows similar results (Kalvāns 2014a) .
The study of CR-induced dissociation, which is based on experimental data, shows that CR-induced dissociation significantly promotes the synthesis of carbon-chain compounds and COMs, and increases the HNC:HCN ratio. These results can probably be tested by observations of low-mass YSOs and detailed, object-specific chemical models.
In the combined model, the processes on grains warmed to 70K by CRs tend to reduce the effects caused by CR-induced dissociation. This is because several reactions with energy barriers that produce the major species CO 2 and CH 4 are made more effective. However, the radicals generated via dissociation can still serve as a source for COMs, which are observed in star-forming cores and not included in the current reaction network. Various carbon-chain molecules are among those with abundances that are most significantly increased by the CR-induced effects.
A direct comparison of the simulation results and observations with currently available data can be hard. The three modeled CR-induced processes do not affect the proportions of major species in interstellar ices -H 2 O, CO, CO 2 , NH 3 (Gibb et al. 2004; Öberg et al. 2011) . Additionally, these processes have little effect (less than 20% abundance change, relative to the reference model) on observed interstellar gas-phase COMs (Bacmann et al. 2012; Cernicharo et al. 2012; Marcelino et al. 2005) . The formation of these species is believed to be associated with surface or subsurface ice chemistry (Garrod et al. 2008; Garrod 2013; Vasyunin & Herbst 2013b; Kalvāns 2014b) .
Perhaps the most promising option for verifying the CRinduced effects is the gas-phase abundance of molecular oxygen. It is reduced by a factor of 2 in the complete model (protostellar phase, Table 5 ), when molecule evaporation has already begun. In the interstellar medium O 2 has been detected in an environment that is subjected to outflows and shocks arising from nearby star-formation activity (Larsson et al. 2007; Liseau et al. 2012; Chen et al. 2014) . To the best of my knowledge, there have been no O 2 detections in quiescent medium or prestellar cores. O 2 has been found to have an abundance upper limit of ≈ 10 −8 , relative to total H, in a low-mass protostar (Yıldız et al. 2013) . Thus a direct comparison of the presented calculation results and observations is currently not possible for the present study. The general increase in the abundances of organic species indicates that CR-induced processes in ice may play a role in the synthesis of these compounds.
It is interesting to note that the reduction of the O 2 gas phase abundance in the protostellar stage is mostly associated with CRinduced dissociation of species in the surface layer. Because the grains are gradually warmed up by the protostar, more oxygen atoms get included into CO 2 , whose formation involves a small energy barrier. This is facilitated by the additional destruction of species (O 2 ) by CRs. It is possible that CR-induced dissociation contributes to not detecting O 2 in protostars.
